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Protein kinase A is required for chromosomal DNA replication
Vincenzo Costanzo*, Enrico V. Avvedimento†, Max E. Gottesman‡,
Jean Gautier§ and Domenico Grieco†
Passage through mitosis resets cells for a new round of
chromosomal DNA replication [1]. In late mitosis, the
pre-replication complex — which includes the origin
recognition complex (ORC), Cdc6 and the
minichromosome maintenance (MCM) proteins — binds
chromatin as a pre-requisite for DNA replication.
S-phase-promoting cyclin-dependent kinases (Cdks)
and the kinase Dbf4–Cdc7 then act to initiate
replication. Before the onset of replication Cdc6
dissociates from chromatin. S-phase and M-phase Cdks
block the formation of a new pre-replication complex,
preventing DNA over-replication during the S, G2 and
M phases of the cell cycle [1]. The nuclear membrane
also contributes to limit genome replication to once per
cell cycle [2]. Thus, at the end of M phase, nuclear
membrane breakdown and the collapse of Cdk activity
reset cells for a new round of chromosomal replication.
We showed previously that protein kinase A (PKA)
activity oscillates during the cell cycle in Xenopus egg
extracts, peaking in late mitosis. The oscillations are
induced by the M-phase-promoting Cdk [3,4]. Here, we
found that PKA oscillation was required for the
following phase of DNA replication. PKA activity was
needed from mitosis exit to the formation of the
nuclear envelope. PKA was not required for the
assembly of ORC2, Cdc6 and MCM3 onto chromatin.
Inhibition of PKA activity, however, blocked the release
of Cdc6 from chromatin and subsequent DNA
replication. These data suggest that PKA activation in
late M phase is required for the following S phase.
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Results and discussion
Extracts derived from metaphase II-arrested egg were
treated with CaCl2 and cycloheximide to obtain inter-
phase-arrested extracts [5]. CaCl2 induces transition into
interphase by inactivating the cytostatic factor, allowing
degradation of mitotic cyclins and inactivation of the M-
phase-promoting factor (MPF), cyclin B–Cdk1. Cyclohex-
imide blocks cyclin synthesis and thus the onset of the
next mitosis. Such interphase extracts are capable of sus-
taining one round of chromosomal DNA replication fol-
lowing addition of demembranated sperm nuclei. We
found that PKA activity was high in CSF-arrested extracts,
presumably because MPF stimulates PKA activity [4], and
decreased after the inactivation of MPF induced by CaCl2
treatment (Figure 1a; line graph). PKA activity decayed
more slowly than MPF activity. Thus, the activities of
MPF and PKA reached baseline 10 and 50–60 minutes
after CaCl2 addition, respectively. Demembranated sperm
nuclei, added at 60 minutes, underwent a complete round
of DNA replication in about 90 minutes (from the 60 to
the 150 minute time points), as shown by incorporation of
labelled deoxyribonucleotides applied in 30 minute pulses
(Figure 1a; inset and bar graph). 
To determine the relevance of oscillations in PKA activity
to chromosomal DNA replication, we inhibited PKA activ-
ity immediately following M-phase exit and measured
chromosomal DNA replication. Excess rat PKA regulatory
subunit type IIβ, added in the form of a glutathione-
S-transferase (GST) fusion protein (GST–RII) [4]
15 minutes after CaCl2 treatment, induced a rapid drop in
PKA activity (Figure 1b; line graph). GST alone had no
effect (V.C. and D.G., unpublished data). As shown in
Figure 1b (inset and bar graph), the replication of demem-
branated sperm nuclei (added 60 minutes after CaCl2
treatment) was almost completely (> 90%) inhibited in the
GST–RII-treated compared with the control extract
(Figure 1a). DNA replication in a GST-treated extract was
similar to that in the control extract (V.C. and D.G.,
unpublished observations). When GST–RII was added
later than 15 minutes after CaCl2 treatment, there was a
progressive reduction of the inhibitory effect on DNA
replication; addition at 35 minutes resulted in about 20%
inhibition (data not shown). That GST–RII blocked DNA
replication by inhibiting PKA was demonstrated by
adding 8-bromo-cyclic AMP (8Br-cAMP), which restored
PKA activity and completely prevented the inhibition of
replication (Figure 1c). DNA replication was also inhib-
ited by the addition of the specific PKA inhibitor H89
(Gibco; 20 µM) and this was prevented by the subsequent
addition of the PKA catalytic subunit (Sigma; 0.2 units/µl
extract; data not shown). PKA activity was not required for
some general step in DNA synthesis, such as priming or
elongation, because replication of single-stranded M13
phage DNA was resistant to treatment with GST–RII (see
Supplementary material). 
Chromatin decondensation and nuclear envelope forma-
tion are necessary to initiate genome replication [6], but
we found no significant difference in their kinetics
between control and GST–RII-treated extracts (see Sup-
plementary material). The activity of specific Cdks is
required for S-phase onset [1]. The major S-phase-pro-
moting Cdk in egg extracts, cyclin E–Cdk2, is the major
Cdk activity that concentrates in the nuclei starting at the
time of addition of demembranated sperm nuclei [7,8].
Nevertheless, we found only a slight reduction in nuclear
Cdk activity in GST–RII-treated extracts compared with
control extracts (see Supplementary material). Taken
together, these data lead us to conclude that PKA is
required for chromosome replication rather than chro-
matin decondensation, nuclear envelope formation or
accumulation of Cdk in the nucleus.
It is thought that disassembly of the nuclear membrane in
mitosis allows cytoplasmic factors that are required for
chromosome replication to associate with chromatin [2].
We therefore determined whether PKA can promote chro-
mosome replication after the nuclear membrane is formed.
Figure 2a shows the effect of adding 8Br-cAMP to
GST–RII-treated extract at different times after addition
of demembranated sperm nuclei. We found that restora-
tion of DNA replication was achieved only by reactivating
PKA within a short time after addition of demembranated
sperm nuclei. The block to DNA synthesis was relieved
when PKA was reactivated 10 minutes after addition of
nuclei, whereas reactivation of PKA at 30 minutes failed to
restore replication. Sperm DNA had decondensed 30
minutes after addition to the extracts and had become
enclosed within a nuclear membrane (see Supplementary
material). To show that the formation of the nuclear enve-
lope prevented PKA reactivation from restoring replica-
tion, nuclei formed in a PKA-inhibited extract were
isolated, permeabilised and added back to an interphase
extract. To obtain such nuclei, demembranated sperm
nuclei were incubated in a GST–RII-treated extract for
120 minutes. Nuclei were then isolated and an aliquot was
treated with lysolecithine to permeabilise the nuclear
membrane. Intact and lysolecithine-treated nuclei were
then added to an interphase extract (prepared as in
Figure 1a) 60 minutes after CaCl2 treatment, and DNA
replication assessed over a 120 minute period. Figure 2b
shows that nuclei regained competence for DNA replica-
tion after nuclear membrane permeabilisation. In contrast,
the intact nuclei failed to undergo DNA replication. 
Membrane formation did not prevent nuclear entry of the
PKA catalytic subunit. We found increased nuclear PKA
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Figure 1
Inhibition of PKA activity in egg extracts blocks chromosomal DNA
replication. Kinase activity (line graph) and replication of
demembranated sperm nuclei (inset and bar graph) in a CSF-arrested
egg extract [5] as a function of incubation time at 23°C from the time
of CaCl2 (0.4 mM) addition. Cycloheximide (0.2 mg per ml of extract)
was added at time 0 to all samples. (a) Control extract. (b) Extract to
which GST–RII (80 µg per ml of extract) was added 15 min after
CaCl2 treatment. (c) GST–RII-treated extract to which 800 nM
8Br-cAMP was added 20 min after CaCl2 addition. Squares, histone
H1 kinase activity of MPF (pmol phosphate transferred from ATP to
histone H1 per min per µl of extract at 30°C); triangles, PKA activity
(pmol phosphate transferred from ATP to the peptide substrate
Kemptide per min per 0.75 µl of extract at 30°C). PKA activity was
calculated as the difference in values between assays performed in the
absence or presence of the PKA inhibitor PKI (20 µM) [3]. Inset,
autoradiogram of DNA synthesised in three successive 30 min pulses
of [α-32P]dATP (> 3,000 Ci/mmol; 1 µCi per 10 µl of extract).
Demembranated sperm nuclei (1,000 per µl) were added 60 min after
CaCl2 addition and the pulse labelling performed at the 60–90,
90–120 and 120–150 min time points. Bar graph, densitometric
quantitation of the autoradiogram shown in the inset. Error bars refer to
variability within four independent experiments.
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activity in a GST–RII-treated extract when 8Br-cAMP
was added either 10 or 30 minutes after sperm nuclei
(V.C. and D.G., unpublished observations). Thus, the
nuclear membrane is either blocking the import of PKA
substrates required for DNA replication or the export of
inhibitors of DNA replication that concentrate in the
nucleus in the absence of PKA activity. 
Components of the pre-replication complex, such as ORC,
Cdc6 and MCM proteins, are loaded in a stepwise manner
onto chromatin. Before the onset of DNA replication, Cdc6
dissociates from chromatin; once replication has begun, the
MCM proteins also dissociate from the replication origins
[1]. Our data indicated that PKA activity was required to
initiate chromosomal DNA replication at a step between
the exit of mitosis and nuclear envelope formation. To
further restrict the point at which PKA acted, we analysed,
by immunoblotting, the association of ORC2, CDc6 and
MCM3 with chromatin.
Figure 3a shows that PKA activity was not required for the
binding of these pre-replication complex components to
chromatin. We next performed a detailed time-course
study of the association of Cdc6 and MCM3 with chro-
matin. Chromatin was isolated after a 5, 10, 20 and
30 minute incubation of demembranated sperm nuclei
with GST–RII-treated and untreated extracts. In the
control extract (Figure 3b), Cdc6 bound to chromatin by
5 minutes, and dissociated after 20–30 minutes. MCM3
first appeared bound to chromatin at 10 minutes and accu-
mulated over a 30 minute interval. These kinetics are
comparable to those previously reported and consistent
with the idea that initial loading of MCM3 onto chromatin
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Figure 2
PKA activity is required for chromosomal DNA replication before
nuclear envelope formation. Densitometric quantitation of total
chromosomal DNA replication. (a) Chromosomal DNA replication in a
control extract; in a GST–RII-treated extract (prepared as in Figure 1b);
and in a GST–RII-treated extract to which 800 nM 8Br-cAMP was
added 10 or 30 min after addition of demembranated sperm nuclei.
Demembranated sperm nuclei (1,000 per µl of extract) were added to
all samples 60 min following CaCl2 treatment. (b) Chromosomal DNA
replication in extracts (prepared as in Figure 1a) supplemented, 60 min
following CaCl2 addition, with demembranated sperm nuclei (1,000
per µl of extract; bar 1); or with nuclei (1,000 per µl of extract) formed
in a GST–RII-treated extract (bar 2); or nuclei (1,000 per µl of extract)
formed in a GST–RII-treated extract and further treated with
lysolecithine (bar 3). Nuclei formed in a GST–RII-treated extract were
prepared after incubating an extract treated as in Figure 1b with
demembranated sperm nuclei for 120 min. To isolate nuclei, 50 µl
samples were diluted five times with a buffer containing 40 mM
HEPES pH 7.4, 100 mM KCl and 10 mM MgCl2, and layered on top of
a 30% sucrose cushion in the same buffer. Nuclei were sedimented at
8,000 × g for 8 min (see Supplementary material). For all samples, total
chromosomal replication was assessed over a 120 min period, from
the time of nuclei addition, in the presence of [α-32P]dATP
(> 3,000 Ci/mmol; 1 µCi per10 µl of extract).
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Figure 3
Inhibition of PKA does not affect assembly of ORC2, Cdc6 and MCM3
onto chromatin, but subsequent dissociation of Cdc6 from chromatin
depends on PKA activity. Immunoblot analysis of chromatin-bound
proteins. (a) Chromatin-bound proteins in demembranated sperm
nuclei at time 0 (lane 1), and after a 10 min incubation with a control
extract (lane 2) or GST–RII-treated extract (lane 3) or GST–RII +
8Br-cAMP-treated extract (lane 4). Extracts were prepared as in
Figure 1. Demembranated sperm nuclei (1,000 per µl of extract) were
added 60 min after CaCl2 treatment. Chromatin was re-isolated by
diluting 50 µl extract five times with a buffer containing 40 mM HEPES
pH 7.4, 100 mM KCl, 10 mM MgCl2 plus 0.2% Triton X-100, and
sedimenting through a 30% sucrose cushion in the same buffer (the
second buffer also contained Triton) at 8,000 × g for 8 min. Chromatin-
bound proteins were eluted in sample buffer and processed for
standard immunoblot analysis. Samples were probed with antibodies
against MCM3, Cdc6 and ORC2. (b) A time-course experiment of the
binding kinetics of MCM3 and Cdc6 to chromatin. Extracts were
prepared and treated as in Figure 1. After addition of demembranated
sperm nuclei, chromatin was re-isolated at the indicated time points.
Chromatin-bound proteins were eluted in sample buffer and processed
for immunoblot analysis. Samples were probed for the presence of
MCM3 and Cdc6.
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requires Cdc6 [1]. We also found that MCM3 dissociated
from chromatin when replication was near completion (by
90 minutes; data not shown). The behaviour of the pre-
replication complex components in PKA-inhibited
extracts (Figure 3b) was distinctly different. The absence
of PKA activity did not alter the kinetics of MCM3
binding to chromatin. Nevertheless, although Cdc6 bound
to chromatin with normal kinetics, it failed entirely to dis-
sociate after 20–30 minutes. The chromatin-binding
kinetics of Cdc6 in extracts in which PKA activity was
restored, following 8Br-cAMP addition, were comparable
to those in extracts not treated with GST–RII (Figure 3b).
Our results suggest that PKA activity is required for chro-
mosomal DNA replication at a step coincident with the
release of Cdc6 from the pre-replication complex. PKA
must act before the formation of the nuclear envelope,
whose role in regulating DNA replication has been reported
[2]. Thus, G2 nuclei, transplanted into an S-phase cyto-
plasm, can undergo an extra round of replication if the
nuclear membrane is permeabilised. Whereas G2 nuclei
lack chromatin-bound MCM3 [1,9,10], this is not the case,
however, with nuclei formed in the absence of PKA activity,
which contain chromatin-bound ORC2, Cdc6 and MCM3.
Nuclei that form in a PKA-inhibited extract may lack
factors, unable to freely cross the nuclear membrane,
required for chromosomal DNA replication at a stage coinci-
dent with the chromatin disassembly and/or nuclear degra-
dation of Cdc6 [1,11,12]. A condition in which the ORC,
Cdc6 and the MCM proteins may bind chromatin but repli-
cation does not take place has been described recently [13].
This is when egg extracts lack functional replication licens-
ing factor-B (RLF-B) [9,10,13]. Thus, one possible target for
PKA action could be RLF-B. Alternatively, nuclei formed
in a PKA-inhibited extract may contain inhibitors of chro-
mosomal DNA replication and of Cdc6 chromatin disassem-
bly and/or nuclear degradation that are unable to cross the
nuclear membrane freely [14]. We propose that PKA phos-
phorylates a cytoplasmic substrate, or substrates, involved in
chromosomal DNA replication, thus regulating the nuclear
concentration of the substrate(s).
Supplementary material
Supplementary material, including additional methodological detail and
two figures showing that replication of M13 phage DNA was resistant to
GST–RII treatment, and that PKA was not required for chromatin decon-
densation, nuclear envelope formation or accumulation of nuclear Cdk,
is available at http://current-biology.com/supmat/supmatin.htm.
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Supplementary materials and methods
Extracts, kinase assay and recombinant proteins
Xenopus egg extracts were prepared essentially as described [S1],
with the only exception that versilube oil was omitted. Recombinant
GST–RII protein production, MPF and PKA assays were performed as
described previously [S2]. 
DNA replication
To monitor DNA replication, demembranated sperm nuclei were added to
interphase egg extracts 60 min after CaCl2 treatment. Then, 10 µl of extract
were incubated with 1 µCi [α-32P]dATP (> 3000 Ci/mmol) in three succes-
sive 30 min pulses. The pulses were stopped by adding 300 µl 0.5% SDS,
20 mM Tris-HCl pH 7.4, 20 mM EDTA and 0.5 mg/ml proteinase K. The
mixture was incubated for 2 h at 37°C and then extracted twice with
phenol–chloroform, and DNA precipitated with salt–ethanol. The nucleic
acid pellet was resuspended in water and loaded on a 0.8% agarose gel.
The gel was treated with 7% TCA, dried and autoradiographed. 
Microscopy
Samples, fixed and stained with 10 volumes of a mixture containing 11%
formaldehyde, 48% glycerol, 1 × MMR [S1] and 1 µg/ml Hoechst 33258
to visualise DNA, were analysed by phase contrast and fluorescence
microscopy with a Zeiss microscope equipped with a 63 × objective.
Nuclear Cdk activity
To isolate nuclei, 50 µl samples were diluted five times with a buffer
containing 40 mM HEPES pH 7.4, 100 mM KCl and 10 mM MgCl2
and layered on top of a 30% sucrose cushion in the same buffer.
Nuclei were sedimented at 8000 × g for 8 min. The nuclear pellet was
resuspended in EB buffer [S1] containing 0.1% Triton X-100;
p13–Sepharose affinity purification of Cdk, and histone H1 kinase
assay were performed as previously described [S2]. Where indicated,
the Cdk inhibitor GST–p21 [S3] was added to the histone H1 kinase
mixture at 400 nM.
Nuclear membrane permeabilisation
Nuclei were isolated on a sucrose cushion as described above, resus-
pended and incubated in 200 µl 40 mM HEPES pH 7.4, 100 mM KCl,
10 mM MgCl2 and 50 µg/ml lysolecithin for 10 min. The reaction was
stopped by the addition of 400 µl 40 mM HEPES pH 7.4, 100 mM KCl,
10 mM MgCl2 plus 3% bovine serum albumin. Nuclei were washed
three times and resuspended in a minimal volume of buffer. The control
intact nuclei underwent the same procedure with the exception that
lysolecithin was omitted from the incubation buffer.
Chromatin isolation and immunoblots
To isolate chromatin, 50 µl samples were diluted five times with a
buffer containing 40 mM HEPES pH 7.4, 100 mM KCl, 10 mM MgCl2
plus 0.2% Triton X 100 and layered on top of a 30% sucrose cushion
in the same buffer. Chromatin was sedimented at 8000 × g for 8 min.
To identify chromatin-bound proteins, chromatin pellets were resus-
pended in SDS sample buffer and processed for standard immunoblot-
ting procedures. Xenopus anti-MCM3 antibody was a generous gift of
P. Romanowski. Xenopus anti-ORC2 and anti-Cdc6 antibodies were
produced as described [S4,S5].
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Figure S1
Quantitation of single-stranded M13 DNA synthesis in control extracts,
and extracts treated with GST–RII or GST–RII + 8Br-cAMP. M13 DNA
(10 ng per µl of extract) was added 60 min after CaCl2 and extracts
were further incubated for 90 min in the presence of [α-32P]dATP
(> 3,000 Ci/mmol; 1 µCi per 10 µl of extract). Upper panel,
autoradiogram of the replicated M13 DNA. The bands were quantitated
by densitometry and the results presented in the graph below. Error
bars refer to variability within three independent experiments.
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Figure S2
Sperm chromatin decondensation, nuclear envelope formation and
nuclear accumulation of Cdk activity in PKA-inhibited extracts. 
(a) Nuclear morphology in control GST-treated extracts (upper panels)
and GST–RII-treated extracts (lower panels). Demembranated sperm
nuclei (1,000 per µl of extract) were added 60 min following CaCl2
treatment, and the extracts were further incubated at 23°C. Samples
were taken at the indicated time points (time 0 being the time at which
the demembranated sperm nuclei were added). Phase contrast (PhC)
images and Hoechst 33258 staining (H) are shown. In both control
(GST-treated) and GST–RII-treated extracts, chromatin
decondensation could be detected as early as 10 min after addition of
nuclei. By 20–30 min, a nuclear membrane formed around
decondensed chromatin and, by 40 min, both extracts showed typical
interphase morphology with decondensed chromatin surrounded by a
clearly visible nuclear envelope. Treatment with GST did not affect
these kinetics compared with untreated interphase extracts (data not
shown). (b) Nuclear Cdk activity. Demembranated sperm nuclei (1,000
per µl of extract) were added to extracts 60 min following CaCl2
addition. Then, nuclei were isolated on a sucrose cushion and
permeabilised with 0.1% Triton X-100. Nuclear Cdk activity was
purified by p13–Sepharose affinity chromatography from each sample.
Cdk activity was measured as histone H1 phosphorylation. Histone H1
kinase activity was quantitated by densitometric analysis of the
autoradiogram of phosphorylated histone H1. The bar graph shows
histone H1 kinase activity in nuclei that were immediately isolated
through the sucrose cushion (bar 1); or were incubated for 60 min with
a control extract and assayed in the absence (bar 2) or presence (bar
3) of 400 nM GST–p21; or incubated for 60 min with a GST–RII-
treated extract and assayed in the absence (bar 4) or presence (bar 5)
of 400 nM GST–p21. Error bars show variability within three
independent experiments.
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